RECENT AIRFOIL DEVELOPMENTS AT DFVLR

ICAS-82~5.6.2

H. K6rner and G. Redeker
Deutsche Forschungs- und Versuchsanstalt

fir Luft-

und Raumfahrt e.V.

(DFVLR)

Institut fiir Entwurfsaerodynamik
Braunschweig

Abstract

New airfoils may bring a substantial im-—
provement in the aerodynamic efficiency of
airborne vehicles. A number of new airfoils
based on transonic and laminar concept have
been designed and investigated at DFVLR.
With theoretical design methods and facili-
ties for experimental verification at hand,
airfoils for subsonic transports, sail-
planes, propellers, helicopter rotors and
combat aircraft have been developed.

1. Introduction

An airfoil with good characteristics
forms the basis of a successful wing, pro-
peller or rotor design. Application of new
ideas in shaping airfoils, based on better
physical understanding of the flow, more
exact theoretical design methods and im-
proved experimental techniques lead to new
airfoils with substantially improved aero-
dynamic efficiency.

A nowadays already classical way of de~
signing new airfoils is the exploitation
of transonic flow on airfoils. This con-
cept, initiated by Pearcey [1], Nieuwland
£237 and Whitcomb [31 is still a fascinat-
ing subject. Although new aircraft are al-
ready flying with such airfoils, the total
advantage of this technology has not yet
been achieved.

Another physical concept under detailed
investigation is the laminar flow option.
Although already realized for sailplanes,
the break-through for airplanes flying at
higher Reynolds numbers still affords a
lot of scientific and engineering effort.
Not only totally new flow concepts but al-
so devices for flow interference can gen-
erate substantial improvements. Here the
avoidance of bubbles and separation in
general may be cited.

All these new ideas and techniques only
have a small chance for realization if an
accurate theoretical prediction of flow
phenomena is not possible. In this field
the progress of numerical methods in the
last decade especially in the computation
of transonic flow and in the coupling of
inviscid flow calculation and viscous cor-
rection now allows the design and predic-
tion of two-dimensional airfoils to a high
degree of accuracy. This is valid for the
region of attached flow.

On the experimental side also new facil-
ities and more accurate measurement tech-
niques give higher confidence in experimen-
tal investigation on airfoils.

Based on these facts, airfoil research
has a good chance to succeed in the design
of airfoils with improved aerodynamic effi-
ciency. Research work in this area has been
conducted at the DFVLR Institute for Design
Aerodynamics and a number of typical results
of this research work will be presented
here. This paper contains the description of

e theoretical and experimental tools used
within this framework

e airfoils for subsonic transport aircraft

® airfoils for sailplanes

e airfoils for
rotors

propellers and helicopter
e airfoils for combat aircraft.

2. Methods for airfoil design
and verification

The methods now available allow the solution
of complex design tasks as far as the flow
is attached. All methods used (Table 1) con-
sist of a combination of

e inviscid flow methods with
e Dboundary layer methods.

For incompressible flow the Eppler/Somers
method is a very efficient one which is
based on a conformal mapping procedure in
its design part and on a higher order panel
method in its prediction part. The boundary
layer code used within this method is that
of Walz [5J1. A number of options can be spe-
cified in this design method such as extent
of upper and lower surface pressure plateau
at specified o, extent and behaviour of re-
compression in the rear part, trailing edge
angle, etc. This method is especially suited
for the design of laminar airfoils and has
been used for this task in a large number of
cases. An extension of this method to sub-
critical subsonic flow has been given by
Radespiel, who introduces a combination of
different compressibility rules.

For compressible supercritical flow,

a large variety of methods have been pub-
lished. The methods used are given in the
second part of Table 1. For the prediction
of the pressure distribution — the airfoil
contour given — two methods are in frequent
use: the Bauer/Garabedian/Korn/Jameson meth-
od and the Jameson FLO6 method. Both methods
are based on the finite difference approxi-
mation of the full potential equation in

1099



Authors Option

Method Comments

Subsonic

Eppler/Somers [43] Design and

Eppler/Somers, Exten~-| Design and

sion Radespiel [63]

Transonic

Bauer/Garabedian/ Prediction
Korn/Jameson [73]

Jameson FLO6 [813 Prediction
Nandanan/Stanewsky/ Prediction

Inger [93]

Sobieczky [101 Design and

McFadden (1113 Design and

Prediction

Prediction

Prediction

Prediction

Incompressible
Flow

Conformal Mapping
Higher Order Panel M.

Subsonic,
Subcritical Flow

Conformal Mapping
Higher Order Panel M.

FDM, FPE Non-conservative

FDM, FPE Non~conservative
or Conservative

FLO6 Special Treatment

for Shock~Bounda-
ry-Layer Inter-
action

FLO6 + Elliptic
Continuation

Inverse BGKJ Method Non-conservative

Table 1

a transformed mesh to fulfill the boundary
condition in an exact way. The method of
Nandanan/Stanewsky and Inger allows a spe-
cial treatment of the shock-boundary-layer
interaction.

Two different design methods are
the method of elliptic continuation
inverse BGKJ code. The principle of
tic continuation at first described by
Sobieczky allows the redesign of an exist-
ing airfoil with shock to a shockfree de-
sign. In this method the redesign is re-
stricted to the contour beneath the super-
sonic region. This new contour fits with
the remaining subsonic contour, but a gap
at the rear end of the supersonic contour
may occur. This brings the necessity to
adjust the trailing edge contour, which
leads to an iteration process, solving
alternatively the design and analysis
problem. As analysis method within this
procedure the Jameson FLO6 method is used.

used:
and the
ellip-

The alternative choice to this design
method is the inverse BGKJ method by
McFadden. In this method the velocity dis-
tribution and the critical velocity have
to be specified and the airfoil contour
can be evaluated. Although this is mathe-
matically an ill-posed problem, this method
works well on condition that only small
modifications to existing airfoils are
wanted or the existence of a solution is
known a priori. This method, too, works in
an iteration cycle, beginning with a first
guess of the contour. All methods have vis-~
cous corrections included. The boundary

Design and prediction methods for airfoils

layer methods used are those of Nash/
McDonald, Walz or Rotta.

Theoretically designed airfoils need an

for the investigations described here. The
experimental tools mainly used within this
work are the

® Transonic Windtunnel Braunschweig (TWB)
£t21,

e Flying Airfoil Testbed on the sailplane
"JANUS" [131.

The Transonic Windtunnel Braunschweig
(TWB) is a blow~down windtunnel which is
especially suited for airfoil investiga-
tions at subsonic and transonic flow
(0.4 < M < 0.95). The rectangular test
section (34 cm x 60 cm) with slotted walls
at top and bottom allows to test airfoil
models with 15 cm chord length (maximum
20 cm) and 34 cm span (Figure 1). This
leads to a

e windtunnel height/airfoil chord of 4.0
(3.0)*%

e and a geometric aspect ratio of 2.2
(1.7)*%

The numbers in the brackets are for an
airfoil chord of 20 cm.
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Fig. 1 Transonic Windtunnel Braunschweig

(TWB) of DFVLR

which is usual for airfoil investigations.
The width of the slots has been optimized
to achieve a zero blockage correction. This
has led to an open area ratio of r = 2.35%.
With a maximum pressure in the test section
of 4.5 bars a Reynolds number of Re = 107
(1.4 - 107) can be achieved.

In a routine investigation the subse-
quent data are provided from the experi-
ment

e static pressure on the airfoil in ap-
proximately 50 points on the contour,

e total and static pressure in wake at
approximately 360 points.

Lift and pitching moment coefficient are
evaluated from the contour pressure, drag
coefficient from the wake traverse.

An interesting alternative to windtunnel
investigation is the verification of air-
foil characteristics in free flight. Due to
the difficulties arising here we have con-
centrated up to now on test with sail-
planes. Two directions have been success-
fully exploited:

e modification of an existing sailplane
wing by incorporating a new airfoil on
a part of the wing,

e installation of an airfoil testbed on
a "JANUS" sailplane.

The modification of an existing wing is

a practical procedure although static pres-
sure measurements on the surface cannot be
achieved. On the other side a wake traverse
allows the determination of the drag and
some reference holes on the wing in connec-
tion with global values give an indication
of the ¢y achieved. Furthermore oilflow
pictures can be made which give sufficient
informations about the flow behaviour.

A more stringent approach is the Flying
Airfoil Testbed on the sailplane "JANUS"

Fig. 2

Flying testbed on the sailplane
"JANUS"

(Fig. 2). This two-seater sailplane has
been equipped with a testbed, which allows
the investigation of an airfoil between two
endplates. The main geometric data of air-
plane and test arrangement are given in
Table 2. Lift, pitching moment and drag
coefficients can be deduced from the static
pressure around the airfoil and the wake
measurement. In order to get these infor-
mations up to 70 pressure holes are drilled
into the test wing surface and a rake with
70 probes is installed behind the wing. In-
vestigations with this test arrangement can
be done in a speedrange from 80 km/h up to
180 km/h (0.06 < Ma < 0.13) and the Reynolds
numbers achieved are 0.7 + 108 < Re < 4 « 106,

JANUS

Overall length 8.57 m
Overall span 18.2 m
Wing chord at root 1.2 m
Flying Airfoil Testbed

Test wing chord length 0.4 + 1.2 m
Span between endplates 2.0m
Effective aspect ratio 5 % 1.7
Distance of test wing

above main wing 2.5 m

Table 2 Main geometric data of the sail-

plane JANUS with airfoil testbed

Flight tests with this arrangement have
been conducted for the development of new
sailplane airfoils. Since these airfoils
always have laminar option, experiences in
this area have a large impact on airfoil
development in the other areas. Furthermore
it has to be mentioned that this work is
done in close co-operation with the "Akade-
mische Fliegergruppe (AKAFLIEG) Braunschweig",
a group of aeronautical students at the Tech-
nical University Braunschweig.
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3. Subsonic transport aircraft

As a subsonic transport aircraft is fly-
ing most of its time at an optimum cruise
condition airfoils for such type of air-
craft are designed for one flight condition,
the optimum cruise. Thus the design aims
for the airfoil can be summarized as fol-
lows:

® shockfree isentropic recompression pres-
sure distribution near the design condi-
tion (specified Mach number M and 1ift
coefficient ¢},

e best aerodynamic efficiency c¢y/cp + M,

® good off-design characteristics, that
means sufficient safety margin Acp and
AM from the buffet onset boundary,

® thickness ratio as high as possible.

Former investigations on types of pres-
sure distributions for transonic airfoils
indicated [141 that satisfactory off-design
behaviour could be achieved by a slopy roof-
top type of pressure distribution. Under
these premises the development of transonic
airfoils was started at DFVLR in the frame-
work c¢f the Civil Component Programme (ZKP)
initiated by the Ministry for Research and
Technology.

a9
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Fig. 3 Development of the transonic air-

foil DFVLR-R4

The basic aircraft configuration to be
considered was the AIRBUS A310. Fig. 3
shows the development of the airfoils.
Starting point was a shockfree airfoil
DFVLR-48080 designed by Sobieczky's hodo-
graph method [1531. The shockfree pressure
distribution for the Mach number M = 0.73
is shown as case C) . Unfortunately the
lift coefficient of ¢y, = 0.5 was to low as
wing requirements changed. Therefore the
airfoil contour had to be modified in the
direction of gaining more lift. This pro-
cedure seems to be more promising as to
design a complete new airfoil. By careful-
ly introducing rear-loading step by step
the cases and in pressure distri-
bution were achieved corresponding to lift

1102

’.0 - 35 -~ 30
c, Né »
WL 20
CL. \
0.8 Ez_)- M
40
\
B | T~ \
0.6 ~] i
22\\\\---~,\__—_”/£i
04 25 | T—ou \
I
'\
02 Buffet Onset”|
DFVLR-R4 ]
Re = 6-106
I Dragrise
05 0.6 0.7 M 08
Fig. 4 Measured aerodynamic efficiency

of the airfoil DFVLR-R4

coefficients of ¢; -= 0.6 respectively

¢y, = 0.65. It is shown that by modifying
the lower surface the upper surface pres-
sure distribution is changed, too, by in-
creasing slightly the supersonic region.
The calculated drag polars for the cases
to indicate that the increase in
1lift has been achieved without creating
additional drag [161. The airfoil from
case named DFVLR-R4 was chosen as can-
didate airfoil after a lot of off-design
calculations have been performed to estab-
lish dragrise and buffet onset boundaries.
The aerodynamic efficiency of this airfoil
measured in the Transonic Windtunnel
Braunschweig of DFVLR is shown in Fig. 4
by pletting lines of const. ¢p/cp « M in

a lift coefficient Mach number diagram.
The highest values of this expression are
achieved near the prescribed design con-
dition of ¢, = 0.65 and M = 0.73. Also
presented in Fig. 4 are the experimentally
derived dragrise and buffet onset bounda-
ries.

On the basis of this airfoil a wing de-
sign has been performed the results of
which have been discussed in [161. These
results indicate, although the design re-
guirements have been fulfilled, further
improvements for the wing section seem to
be necessary because measured pressure
distributions on the wing show the pres-
ence of a small zone of separated flow
near the trailing edge which could not be
detected on the airfoil itself. This ef-
fect was attributed to the very large pres-
sure difference near the trailing edge in-



troduced by the rear-~loading which probably
forces the flow to go around the trailing
edge [171. In order to overcome this prob-
lem the pressure distribution of the lower
surface was changed as presented in Fig. 5,
where the calculated c,~distributions of
the original DFVLR-R4 and the improved air-
foil DFVLR-R4/4 are compared at cg, = 0.6.
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Fig. 5 Design calculation of modified
airfoil DFVLR~R4/4
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Fig. 6 Comparison of measured pressure

distributions of airfoil DFVLR-
R4 and R4/4

By properly changing the airfoil contour as
indicated in the figure the maximum pres-
sure of the rear-loading is shifted from
x/c = 0.95 to x/¢ = 0.85. The influence on
the upper surface pressure distribution is
small. For the new airfoil a slightly high-
er suction level is achieved. Measured pres-
sure distributions at the same condition as
presented in Fig. 5 are given in Fig. 6.
The predicted modifications by the calcu-
lation in surface pressure is confirmed by
the experiments. The influence of this mod-
ification on the aerodynamic characteristics
is presented in Fig. 7 where measured drag
polars for M = 0.73 and measured dragrise
boundaries of the airfoils DFVLR-R4 and
R4/4 are compared. The new airfoil has a
lower drag throughout the whole polar and
shows a favourable dragrise boundary. The
expected good behaviour of the airfoil
DFVLR-R4/4 in a wing design has not yet
been verified by experiments.

A large amount of fuel can be saved if
a laminar boundary layer can be maintained
over a great portion of the wing surface.
Investigations and experiments have been
discussed to a great extent in [18, 191
where suction is applied to stabilize the
laminar boundary layer. Although some ex-
periments showed that a remarkable drag re-
duction could be achieved the concept of
suction is very complicated from the view-
point of handling, manufacturing and con-
trolling. Therefore the possibility of
maintaining a laminar boundary layer by
applying properly shaped airfoils also at
high Reynolds numbers has been investigated
[207. This concept is successfully used
since more than twenty years for sailplanes
which will be discussed later. Fig. 8 shows
a design example for a transport aircraft
type airfoil for a high Reynolds number of
Re = 25 « 10%. Due to this high Re-number
long laminar boundary layers on the airfoil
surface can only be obtained if a special
type of pressure distribution as shown here
is used on upper and lower surface. The
flow is accelerating on both sides up to
60% of airfoil chord and then a recompres-—
sion to free stream condition is followed
with such a type of adverse pressure dgra-
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7 ——o--DFVLR-R4/4 1
]
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Fig. 7 Drag polars and dragrise boundaries

of airfoils DFVLR-R4 and R4/4
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tion of a laminar airfoil for a
subsonic transport aircraft

dient that turbulent separation is avoided.
Transition is calculated to occur at that
Re-number at 63% on the upper and at 59%
on the lower surface. The resulting air-
foil has a thickness ratio of t/c = 0.165
due to the special type of pressure dis-
tribution. In order not to run into dif-
ficulties with high Mach numbers in the
supersonic region leading to strong shock
waves the free stream Mach number has to
be reduced as for this example to M = 0.65.
The achieved lift coefficient for this case
is ¢, = 0.65. The calculated drag polar for
this airfoil shows a remarkably low drag
coefficient of cp = 0.003 in the region
near the design point. Beside this region
the pressure distribution is changed in
that way that transition from laminar to
turbulent boundary layer occurs further
upstream increasing the drag at low ¢y as
well as at higher cp-values.

An experimental proof of such type of
pressure distributions has not yet been
established. Several problems have to be
solved before laminar airfoils for high
Reynolds numbers can be used in aircraft
projects:

® Dbehaviour of laminar boundary layer on
swept wings (flow at the leading edge,
crossflow instability),

e influence of airfoil contamination in
the normal airline service,

e new concepts for high lift systems with-
out leading edge slats.

4. Sailplanes

Whereas for subsonic transports the lam-
inar flow concept is a subject which still
needs intensive research and development
before an introduction in practical appli-
cation can be contemplated, sailplane aero-
dynamics is a field, where the laminar con-
cept has found a wide application. This is
especially due to the relatively moderate
Reynolds number which allows laminar flow
over a substantial part of the airfoil if

the static pressure along the contour is
developing in a specific manner. This lami-
nar behaviour has been found for the air-
foils of the NACA 6 series and has been ex-
ploited by Wortmann [21] and Eppler [22],
bringing down the airfoil drag to cp = 0.005.

When designing airfoils for sailplanes
three design conditions have to be taken
into account:

e circular climb at low speed
c, = 1.0 + 1.4 v, = 70 ¢

@

80 km/h

e distance flight at high speed
¢, * 0.2 *+ 0.3 V_,=130 %200 km/h

e flight at best glide angle
cp = 0.8 V_ = 100 km/h.

A useful airfoil for a sailplane has a
large extent of laminar flow for all these
conditions (upper side x/c = 0.6, lower side
x/c = 0.7). For the Reynolds numbers which
occur on sailplanes (1 106 < Re < 4 - 109)
these long laminar boundary layers end in a
separation bubble of sometimes considerable
extent generating additional drag and so
perturbating the laminar flow concept.

without
turbulators

with
turbulators
? é |

Fig. 9 0il flow picture of the lower
surface of a sailplane showing
the effect of pneumatic turbu-

lators

At DFVLR a method has been found to avoid
separation bubbles in order to get full bene-
fit of the laminar option [231, [24]. The
basic idea is to produce a flow distortion
just in front or inside of the laminar sepa-
ration bubble. Vortex generators or fences
seem not to be adequate devices since they
generate additional drag for off-design
cases. The solution presented here are pneu-
matic turbulators. By blowing air of higher
pressure out of small holes into the criti-
cal region laminar separation bubbles can
be avoided. Fig. 9 shows the effect of a
row of small jets on the flow field. What
can be seen is the lower part of a wing,
with visualization of the flow by oil: with-
out blowing a separation bubble occurs;
with blowing the laminar boundary layer
transits immediately behind the row from
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Fig. 10 Effect of pneumatic turbulators
on the pressure distribution of

the airfoil DFVLR-HQ17

laminar to turbulent. This flow visualiza~-
tion has been achieved on a sailplane with
a modified wing in order to investigate

the effect of blowing in flight. The foto
gives an impression of the very small size
of the holes (0.4 mm diameter) and the rel-
atively wide distance from one to another.
The amount of blowing necessary to achieve
this effect is rather small (cg = 5 « 1076)
and has no effect on the overall drag.

Fig. 10 shows the airfoil DFVLR-HQ17,
designed to have long laminar boundary lay-
ers on upper and lower side. Whereas the
upper side has a small bubble which has no
dominant influence on the airfoil drag, at
the lower side a rather long bubble occurs
which can be destroyed by blowing at the
location x/c = 0.72., The overall influence
on the drag is given in Fig. 11, where re-
sults from the laminar windtunnel of the
Technical University Delft are given. The
drag reduction by blowing achieved is about
15% over a large range of c; and leads to
a minimum drag of 0.0042 for an airfoil of
14% relative thickness.

HQ 17/14.38

10 T T
with pneumatic - 6
CL turbulators Re=25-10
x/c=076
05+ . 7
without pneumalic
turbulators
(\ H i
0005 0010 0015
c
D
Fig. 11 Effect of pneumatic turbulators

on the drag polars of the air-
foil DFVLR-HQ17

Re=2510°

p
-10

§ Location of

transition

1 1 1 i

1.0 0 02 04 06 08 10
x/c
Fig. 12 Pressure distributions of the

laminar airfoil DFVLR-HQ17 at
several angles of attack o

The use of blowing turbulators, as de-
scribed here, requires a rather stable
length of the laminar boundary layer for
a large range of o-Re combinations, since
a blowing device can only be attached at
a fixed place. This cannot be achieved on
the upper side, since the pressure distri-
bution varies with angle of incidence quite
strongly (Fig. 12). Here the pressure dis-
tribution should be chosen in such a way,
that a destabilization region leads to a
natural transition. On the lower side a
long pressure plateau can be achieved with
laminar flow up to x/¢ = 0.7 + 0.8 for a
large range of angles of attack. Here a
blowing device is favorable to avoid a
bubble.

The airfoil just described has been in-
corporated in the new sailplane ASW~22
(Fig. 13), which shows an excellent per-
formance. The air, which is necessary for
blowing, is kept by a probe in the stagna-
tion region of the wing-root. This airfoil
is one of a number of airfoil designs, the
so-called DFVLR-HQ (Horstmann, Quast) air-
foils. Most of these designs have been done
with the Eppler/Somers method for airfoils
with blowing and airfoils with natural de-
stabilization and comprise clean airfoils,
airfoils with camber flap and airfoils with
extended flap.

Airfoils with extended flap are espe-
cially suited to meet the very different
requirements of low and high speed flight

£253. Fig. 14 shows results for such an
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Fig. 13 Sailplane ASW-22 i Janus 0
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airfoil. The drag polars show that with ~ 6
this design the different design require- ﬁ@-iﬁi@
ments of a sailplane can be matched in a L_ M= 0
convenient way. The results given here ' -
have been achieved with the flying test- BoGs L%} Ao Q005 €p o1
bed. The airfoil developed then has been
used within the design of the sailplane
SB-11 of the "Akademische Fliegergruppe Fig. 15 Comparison of windtunnel and
(AKAFLIEG) Braunschweig". With this sail- flight test for the airfoil
plane H. Reichmann won the world champi- DFVLR-HQ17

onship in 1978.
RRE-At Alrra One of the main problems of windtunnel
testing of laminar airfoils is the turbu-
lence problem. With the flying testbed it
is possible to compare windtunnel and free
flight. Fig. 15 presents the drag polars
for two flap deflections resp. Reynolds
numbers. Comparing the drag level it can
be seen that for Re = 2.1 « 10° the flight
tests indicate a higher drag than the wind-
tunnel tests. This is due to a larger sepa-
ration bubble on the lower surface in free
flight conditions creating more drag. For

11

20 the higher Re-number Re = 3.1 + 10° the
drag level for the flight tests is much
CL lower compared to the windtunnel tests.

This is due to a longer laminar boundary
layer on the upper surface in the flight
experiments. In the windtunnel tests the
transition from laminar to turbulent bound-
ary layer occurs further upstream than in
free flight. Furthermore it can be seen
that the region of low drag extends to low-
er lift coefficients in flight. This behav-
I iour can be explained by the pressure dis-

/ tributions at the kink points for Re =

/ = 3.1 + 10° marked in the drag polars. Im-
k\\ portant here is the long laminar boundary

II Air foil with Fla layer on the lower surface (up to 70% chord)
! Fx67K 170717 P which for the free flight conditions (low
/ e turbulence) can tolerate a steeper pressure
gradient leading to a lower lift coefficient
with low drag.

with Extension

L5 SB-11 Airfoil

without Extension

1.0

These examples show that the laminar
option is an exciting feature and exhibits
0.015 interesting prospects. Furthermore research

on sailplane aerodynamics has a large im-
pact on the development of airfoils for
Fig. 14 Drag polars of the airfoil with other types of aircraft.
extended flap of the sailplane
SB-11

Y

O

1 1
0005 o010 .
D
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5. Propeller and helicopter blades

now in use can be improved substantially.
Compared to maximum theoretical thrust after
momentum theory static thrust coefficients
of 50% to 70% and cruise thrust coefficients
of 90% are attainable. Thus with proper
means especially during take-off and climb-
ing remarkable improvements in thrust can
be expected. Reductions of take-off field
length and noise annoyance of airfield
neighbours are then a favourable conse-
quence. Furthermore for twin engine air-
craft the payload can be increased due to
increased take-off weight being not restric-
ted during one engine climb.

In co-operation with "DORNIER" and
"Propeller Hoffmann" in the Civil Component
Programme (ZKP) "Improved Propellers for
General Aviation Aircraft" 263 four air-
foils for a variable pitch propeller of
750 PS power have been designed. The four
blade sections DFVLR~P1 to DFVLR-P4 corre-
spond to different locations on the blade.
As the maximum thrust coefficients on a
propeller blade are normally reached at 80%
of blade radius this section is of prime
interest and further discussions will con-
centrate on this specific section.

Starting from the requirements of the
propeller the airfoil design specifications

20 T T T T
Experiment:
TWB Re=25-106
“Col  M-06 c,-06
'. —— DFVLR-P2
101 -=—— Airfoil of -
Orig. Propeller
T ———
|'/4 \\\\ e
-~ “
%\L — —>
-05

0 02 04 06 xlc 10

DFVLR - P2
_

tlc =0.071
—

Airfoil of
Orig. Propeller tlc=0043
——— ————

Fig. 16 Comparison of pressure distri-
butions of two propeller blade

sections
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Comparison of 1lift curves and
drag polars for two propeller
blade sections

can be derived as follows:

e high maximum lift coefficient at low
Mach numbers M = 0.4 to 0.5 for high
static thrust at take-off condition,

e high lift/drag ratio cp/cp at M = 0.6
and cp, = 0.6 to encounter the climb
conditions,

e low drag coefficients at low 1lift co-
efficients of ¢, < 0.4 at higher Mach
numbers M = 0.7 to avoid performance
loss during cruise flight,

e as the blades of the new propeller
should be manufactured from composites
the relative thickness of the airfoil
compared to conventional aluminium
alloy propellers has to be increased
and nearly doubled.

The last demand for higher thickness ratio
normally leads to increased minimum drag
coefficients. In order to compete with con-
ventional thin sections in this respect
new ideas concerning laminar boundary lay-
ers have to be taken into account when de-
signing the new airfoils. Here the expe-
rience achieved with laminar airfoils for
sailplanes is of major importance (Chap-
ter 4).

Fig. 16 shows the shape and the measured
pressure distribution of the new airfoil
DFVLR-P2 designed with the method described
in 63, for the Mach number M = 0.6 at a
lift coefficient of c¢p, = 0.6 at a Reynolds
number of Re = 2.5 « 108 [271. The airfoil
has a thickness ratio of t/c = 0.071. The
pressure distribution demonstrates the de-
sign concept. Both upper and lower surface
pressure only show small suction peaks fol-
lowed by a smooth variation of pressure.
For this case a laminar boundary layer on
the upper surface is expected up to 50% of
airfoil chord whereas on the lower surface
transition may occur at 20% to 30% of chord.
At higher angles of attack the suction peak
on the upper surface increases and transi-
tion moves forward to the leading edge. On



the lower surface the suction peak will
vanish and a long laminar boundary layer
is obtained. For lower lift coefficients
the pressure peak on the upper surface
vanishes and transition is expected to
occur at 65% of airfoil chord whereas the
lower surface will have a suction peak
causing a turbulent boundary layer near
the leading edge. The design idea is to
have at the different design conditions
stated above at least on one surface a
long laminar boundary layer. Due to the
moderate thickness of the blade section
it seems to be impossible to achieve this
on both surfaces as it is known from sail-
plane airfoils.

Furthermore Fig. 16 presents the meas-
ured pressure distribution of a comparable
blade section of a propeller of usual
standard [281. This section has a thick-
ness of t/c = 0.04 and shows high suction
peaks on both surfaces for the same flow
conditions as the new section. These peaks
will lead to flow separation near the lead-
ing edge creating also unfavourable acous-
tic effects. Thus with the new section
DFVLR-P2 aerodynamic as well as acoustic
advantages are expected. This is demonstra-
ted at least for the aerodynamic behaviour
in Fig. 17 where the lift coefficients Cr,
vers. angle of attack o and the drag polars

cr, vers. cp of the airfoil DFVLR-P2 are plot-

ted together with the corresponding values
of the blade section of usual standard. The
new airfoil DFVLR-P2 has a higher maximum
lift cypax and a lower drag coefficient at
all angles of attack. This holds not only
for the Mach number M = 0.6 as indicated

in this figure but also for lower and higher
Mach numbers although the relative thickness

of the new section is 80% higher compared
to the thickness of the propeller of usual
standard.

With this new airfoil DFVLR-P2 together
with the other ones DFVLR-P1, P3 and P4 a
new propeller — called "ZKP-Propeller" —
has been designed by DORNIER and manufac-
tured by Propeller-Hoffmann [26]. Model
tests at DFVLR Gottingen and full-scale
flight tests on the TNT-Experimental Air-
craft (Fig. 18) from DORNIER [29]1 confirm
the good characteristics of the airfoils

Fig. 18

DORNIER TNT experimental air-
craft with ZKP-propeller

26 T T T T T
S 24| TNT-Experimental
X Aircraft Static
: 20 | Thrust Tests
1]
3
E 20 I ZKP-Propeller
b~ {Dornier| Hoffma
18 | with improved
blades
16 .
14 . .
Original Propeller
(Hartzell )
12 .
10 1
8 -
6 " A i i i
200 600 1000 1400
Engine Power [SHP]
Fig. 19 Comparison of static thrust of

TNT experimental aircraft with
two different propellers

also for the propeller [301. This is true
not only for the aerodynamics but also for
the acoustic behaviour. Fig. 19 presents
results of recent full scale static thrust
tests on the TNT-Experimental Aircraft for
the ZKP-Propeller with the new blade sec-
tions and the propeller of usual standard.
This figure clearly indicates that the
static thrust is increased by nearly 15%.
During climb (one engine and two engine
climb) the performance of the ZKP-Propeller
was also improved. No loss in performance
but also a slight improvement was obtained
in cruise flight. In addition the noise
radiation of the ZKP-Propeller was less or
equal to that of the propeller of usual
standard although the blade thickness was
nearly doubled.

With the permanent demand of improving
requirements of their aerodynamic charac-
teristics have increased. Beside the re-
duction of parasite drag of the helicopter
as a whole the aerodynamic design of the
rotor is of great importance. The rotor
itself is not only influencing the perform-
ance with its aerodynamic behaviour but
it imposes real aerodynamic limitations to
the flight envelope. These limitations are
due to Mach number effects on the advancing
blade and due to stall effects on the re-
treating blade. In order to extend the
flight envelope of the helicopter, improve-
ments in rotor aerodynamics are necessary
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which mainly depend on the blade sections 1.0
£31, 321. '

T T T 1

Experiment TWB -~

The design objectives for a blade sec- - .16 -
tion can be deduced from the inspection of CL - Re=48-10 -~
the operating conditions of the helicopter M =06 /
blade during one cycle for different flight
conditions as cruise flight, hovering and 06} 7

manoeuvre flight. Thus the following design
specifications for an outboard section of

a helicopter rotor (75% to 90% of blade 0.4
span) can be derived: ’

e high drag divergence Mach number
Mp = 0.8 to 0.84 for lift coefficients 02
near cr, * 0 and small pitching moment
coefficients ¢y < [0.01] for encoun-
tering the cruise flight conditions, O }

o)
X
'
i
N

e high lift/drag ratios at M = 0.6
and moderate lift coefficients )
cr, * 0.5 to 0.6 for hovering and g
cruise flight, 0 0004

L 1
0012 Cp 0020
e high maximum lift coefficients _ -
Clmax = 1.5 to 1.3 in the Mach number DM-H1 te =009
range M = 0.3 to 0.5 for the manoeuvre <: —
flight,

e additional geometrical constraints for
the blade sections are introduced due DM-H2 tic =012
to structural demands requiring a suf-
ficient torsional stiffness and a sat- (:::T7 ‘—-i::::::zn
isfying structural strength. This leads
to blade section thicknesses of:

Fig. 20 Drag polars for the helicopter
t/c = 0.12 up to 80% of blade span blade sections DM-H1 and DM~H2

t/c = 0.09 from 80% to 90% of blade span 15
t/c = 0.07 at the tip station.

R’

According to this design specifications two CL
airfoils of 9% and 12% thickness have been
developed in co-operation with MBB. In order

to encounter the low drag requirements for

the advancing blade at high Mach numbers 10 }
and the high lift/drag ratio at M = 0.6 al-
s0 here laminar boundary layer concept was
incorporated in the design process. Flow
visualization tests on a helicopter rotor 075¢%
of a Bo 105 helicopter indicated that lami- cn=002
nar boundary layers of moderate length ap- D
peared also on the upper surface of the 050 .
blade during hovering flight, although no - Experiments
care was undertaken to have a very clean Re :8-70QA4
and smooth blade surface. The rotating flow

field seems to have a stabilizing effect on 0.25+ DM-H]1 TwWB

the boundary layer. -—=0A 209 S3IMA

Fig. 20 presents the two airfoils DM-H1
of t/c = 0.09 corresponding to a blade sta- 00 +
tion of approximately 90% of the blade span
and DM-H2 of t/c = 0.12 for a blade station
of 80% of span. The aerodynamic behaviour -025
at the Mach number M = 0.6 is exemplary -
given by the measured drag polars at
Re = 4.8 + 10% from the Transonic Windtun-
nel Braunschweig (TWB). For the airfoil H1 -050 i i . L L
minimum drag coefficients of cp = 0.0072 03 04 05 06 07 M 09
respectively cp = 0.0078 for the airfoil H2
are measured. Due to the greater thickness .
the airfoil H2 has a higher drag level but Fig. 21  Measured performance boundaries
compared to airfoil H1 the low drag values of the airfoil DM-H1
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extends to higher lift coefficients. In the
region of ¢y = 0.6 lift/drag ratios of
ci/cp = 75 are achieved. The aerodynamic
performance of the airfoil H1 is summa-

rized in Fig. 21 in a lift coefficient vers.

Mach number diagram presenting the maximum
1lift coefficient and the drag divergence
Mach number Mp boundaries as measured in
the TWB at Re = 8 - 105 . M. Mp is here
determined by a constant drag level of

¢p = 0.01 respectively cp = 0.02. Cyps
values of 1.3 at M = 0.4 are achieveg

and the drag divergence Mach number Mp at
¢y, = 0 is Mp (cp = 0.02) = 0.86. Compara-
ble curves for the modern helicopter air-
foil OA209 as measured in the ONERA S3MA
windtunnel [33]1 for maximum lift and

Mp (cp = 0.01) are also presented in this
figure. It is shown that DM~H1 airfoil
has a slightly better performance.

Fig. 22 presents the boundaries for the
DM-H2 airfoil in comparison with the pre-
diction from the design methods as discus-
sed in section 2 of this paper. For this
thicker airfoil cppax values of 1.5 at
M = 0.3 are achieved, which is in good
agreement with the calculations. Drag
divergence Mach numbers of Mp (cp = 0.01) =
= 0.8 and Mp (cp = 0.02) = 0.84 were meas-
ured at ¢y, = 0. The calculations show
slightly smaller values. All in all the
predictions of the airfoil performance are
in satisfactory agreement with the measured
values.

The pitching moment behaviour of the H1
airfoil is presented in Fig. 23 against
Mach number for different constant lift
coefficients of ¢y = 0.0 to ¢y = 0.6. The
measurements clearly indicate that the re-

15
~ 4
1.0 1
075 n
DM-H2 \
050 Re =8-105 M N\ 1
——— Experiment TWB
025 ——=Calculation b
00 ‘.
i
/
..025 L i 1 i 1
02 03 04 05 06 07 M 09
Fig. 22 Comparison of calculated and

measured performance boundaries
of the airfoil DM-H2
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Fig. 23 Pitching moment coefficients vers.

Mach number of the airfoil DM-H1

guirements of cp < |0.01] are fulfilled up
to high Mach numbers where then a steep
increase in nosedown pitching moment oc-
curs.

With these performance data shown here
a new helicopter rotor can be designed
giving a remarkable improvement compared
with rotors having usual NACA airfoils.

6. Combat aircraft

When looking at combat aircraft several
design requirements have to be taken into
account. The most important of these are

e low cp, and low cp at high supersonic
Mach numbers (M = 1.3 % 2.0),

e moderate ¢ and low c¢p at high subsonic
Mach numbers (M = 0.7 + 1.0) for sub-
sonic/transonic cruise condition,

e high ¢y and moderate cp at subsonic
manoeuvre flight (M = 0.6 + 0.9),

e high ¢y and high cy/cp at low speed for
take-off

e very high c¢p, at low speed for landing.

Option 1 and 2 require thin uncambered air-
foils (0.03 < t/c < 0.06) whereas the op-
tions 3 +5 can be fulfilled by flap setting
or variable camber. The discussion within
this chapter mainly concentrates on option
2 well having in mind the others¥.

The application of a laminar option
seems not to be adequate for this design
task but advanced transonic design might

* This study has been funded by the
Ministry of Defense.
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Fig. 24 Shapes of the investigated four

airfoils

generate substantial improvements. There-
fore the key question investigated here is
whether an advanced transonic design brings
an improvement against conventional air-
foils. This question is not a trivial one,
because with descreasing thickness the pos-
sibilities of airfoil modification are re-
duced. In order to answer this question,
three advanced airfoils have been compared
with a conventional one, all having the
same relative thickness of t/c = 0.05 [34].

All airfoils are shown in Fig. 24. The
transonic airfoil DFVLR 49201 has been de~
signed by Sobieczky with a hodograph method
[101. For this airfoil a supersonic slopy
roof-top on the upper side of the airfoil
was aimed at. The same is with the MBB A10,
which has been designed by Eberle with a
somewhat different hodograph method [351].
In contrast to DFVLR 49201 MBB A10 has a
bluff nose, a certain amount of rear-load-
ing and a bit higher thickness (t/c =0.054).
The third advanced airfoils is the WOS5
which has been designed by Eberle following
Whitcomb's guidelines for supercritical
airfoil design [36]. This airfoil has a
flat upper surface and a large camber in
the rear part, which leads to an extended
supersonic roof-top and a considerable
rear-loading.

These three transonic airfoils having
different design philosophy are compared
with the NACA 64A(1.33)05, a conventional
airfoil which has been used for a number
of investigations on wings in the MBB-AVA-
Pilot~Model.

Of great importance for aircraft per-
formance are drag-rise, buffet onset and
Crmax which will be analysed first. The
drag-rise, given in Fig. 25, indicates
quite clearly the superiority of an ad-
vanced transonic design against a conven-
tional one. It can be seen that in the re-
gion 0.1 < ¢, < 0.5 DFVLR 49201 has a gain
of AM = 0.04. MBB A10 behaves similar
whereas WO5 is worse in the region which
is due to supersonic flow with shocks on
the lower side. At higher 1ift coefficients
(cy, 2 0.6) WO5 shows a better performance
than all other airfoils investigated.

Airfoil Re- 10
o INACA 64A(133)05 4
® { DFVLR 49201 4 1.4 . .
A W05 4 <
v | MBB_A10 [ 12 /(LI;V{
cLto e " 10§ e
08 08
06 106
) 5% . o4
aM Buffet Onsel
04} 1 at* acy05 5///
[
02 1 02
‘ ') .
% s 075 085 )y 095 060 a7 080 p 090
Fig. 25 Dragrise and buffet onset bounda-

ries of four thin airfoils

This demonstrates quite clearly that, de~
pending on the rear-loading the region of
best performance occurs either at low or
high lift coefficients. For a practical
airfoil design it seems reasonable to choose
a basic airfoil without rear-loading which
matches the requirements for subsonic cruise
and supersonic flight and to get the re-
quired additional lift in manoeuvre condi-
tions by flap~deflection or variable camber.

As to buffet onset, it can be seen, that
by transonic design concept only small im-
provements can be achieved. For DFVLR 49201
and MBB A10 the gains are AM = 0.01 : 0.02.
For WO5 at low lift coefficients O<cy<0.5
there is even a deterioration up to
AM = -0.05; for high values of c¢;, neverthe-
less an important improvement of AM = 0.04
can be achieved. This again is due to the
extreme rear-loading of this airfoil.

The maximum lift could only by evaluated
for Mach numbers below M = 0.75. The highest
maximum lift is given — as expected — by WOS5.
Remarkable is the low cpp,yx-value of MBB A10.
This results from the very bluff nose of the
airfoil with two curvature maxima above and
below the nose point, which obviously leads
to premature separation.

As can be seen rear camber has an impor-
tant influence on airfoil performance and
can be used to match quite different flight
requirements. To get a better insight into
camber effects the NACA 64A(1.33)05 has been
equipped with flaps £37]. In Fig. 26 the
clean airfoil is compared with a configura-
tion with a trailing edge flap deflection of
50, The factor cp/cp * M which is a good in-
dicator of the aerodynamic efficiency is giv-
en in a c¢y~M-diagram. The experimental re-
sults show that the clean airfoil has a max-
imum value of 45, which lies in the region
0.75 < M < 0.8 and c, = 0.5. With a flap
deflection of 5© a substantial improvement
to a value of more than 50 can be achieved
over a range 0.7 < M < 0.8 and 0.5 <c¢y, <0.8.
The maximum value is 60 at M = 0.75 and
CL = 0.8.

The drag—-rise curve — also given in this
diagram — shows the same tendency found in
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Fig. 26 Influence of flap deflection on
the aerodynamic efficiency of the
airfoil NACA 64A(1.33)05
Fig. 25 comparing DFVLR 49201 and WO5: for

low lift coefficients the clean airfoil
has advantages whereas beyond ¢y = 0.5
this is wvice versa.

For a better analysis of the results
achieved, some specific pressure distribu-
tions of the airfoils DFVLR 49201 and WOS5S
for the region of design condition M = 0,85
cg, = 0.3 # 0.7 shall be discussed. Fig. 27
shows that for DFVLR 49201 a slopy roof-top
pressure distribution on the upper side is

achieved which ends in a weak shock. A small

amount of lift is generated by a weak rear-
loading. Increasing the angle of attack
leads to a supersonic roof-top pressure
distribution which ends with a shock. Fur-
ther increase in angle of attack generates
trailing edge flow separation, which occurs
at a lift coefficient of 0.75.

Fig. 28 shows the development of the
pressure distribution of WO5 which has a
completely different design philosophy. The
main characteristics namely the extended
supersonic roof~top and an extremely high
loading at the trailing edge can be seen
best for cp, = 0.663 and 0.773. The super-
sonic roof-top extends up to x/c = 0.8
creating high 1ift coefficients. With de-
creasing angle of attack the supersonic
zone breaks down and two shocks occur on
the upper side. Although the first shock
is travelling very fast across the flat
upper surface with rising or decreasing
angle of attack, the pitching moment shows
only a moderate change. Furthermore the
drag remains low up to a lift coefficient
of 0.52. This is obviously due to the sec-

0 2 4 6 8 xsc 1
Nr. M Re-10°° Alphalad C cM cp
® 3474 0.850 4.05 1.06 0.300 -0.0403 (.00682
A 3475  0.851  3.82 1.50 0.414 -0.0405 0.00872
¢ 3476 0.848 3.95  2.00 0.560 -0.0615 0.01843
Fig. 27 Pressure distributions of the
airfoil DFVLR 49201 at M = 0.85
(o] 2 4 .6 .8 x/¢c 1
Nr. M Re-10”° Alphall € Cpm Cp
® 3757 0.850 3.97  0.00 0.303 -0.1354 0.00770
4 3758  0.849 4.02  1.00 0.525 -0.1407 0.00882
¢ 3762 0.849 3.86  1.50 0.663 -0.1498  0.01481
@ 3764 0.849 3.6  2.00 0.773 -0.1788  0.01888
Fig. 28 Pressure distributions of the
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ond acceleration of the flow behind the
first shock which hinders the boundary
layer from a premature separation.

The other remarkable point is the ex-
tremely high rear-loading. It does not only
generate additional lift on the lower side
but also on the upper side due to a flap-
kink-like peak at approximately x/c = 0.9.
Although behind this point a steep pressure
rise occurs there is no premature separa-
tion. May be, that an incipient separation
occurs just in front of the trailing edge
— as shown for R4 (see chapter 3).

6. Conclusions

Recent airfoil investigations using the
trangonic design option and/or the laminar
option show that substantial improvements
in airfoil performance can be achieved.
This is shown for airfoils for subsonic
transports, combat aircraft, sailplanes,
propellers and helicopter rotors. Summa-
rizing, the subsequent statements can be
made:

e transonic design concepts incorporated
in thin uncambered airfoils bring a
substantial improvement of the drag-
rise boundaries,

® alternative philosophies for transonic
airfoil design lead to quite different
airfoil characteristics,

® changes in the character of rear-load-
ing reduce the drag of thick transonic
airfoils,

e use of the laminar option based on prop-
er contouring leads to massive drag re-
ductions at moderate subsonic speeds,

e use of the laminar design option com-
bined with the application of pneumatic
turbulators to avoid separation bubbles
reduces the drag of airfoils in the Rey-
nolds number region up to 3 . 108,

e extended flaps improve the proper match-
ing of design requirements for sail-~
planes,

e introduction of partly laminar flow
leads to improved airfoils for propel-
lers and rotors.

All
due to
proved

these improvements have been achieved
advanced theoretical methods and im-
respectively new experimental tech-
niques in windtunnel and flight. Especially
flight tests have got a special importance
since the influence of windtunnel-turbu-
lence can be eliminated, which is of spe-
cial importance for the laminar design
option.
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